The surface site distribution and the dielectric discontinuity effects on the charging process of a spherical nanoparticle (NP) have been investigated. It is well known that electrostatic repulsion between charges on neighbouring sites tends to decrease the effective charge of a NP. The situation is more complicated close to a dielectric breakdown, since here a charged site is not only interacting with its neighbours but also with its own image charge and the image charges of all its neighbours. Coexistence of opposite charges, titration sites positions, and pH dependence are systematically studied using a grand canonical Monte Carlo method. A Tanford and Kirkwood approach has been applied to describe the interaction potentials between explicit discrete ampholytic charging sites. Homogeneous, heterogeneous and patch site distributions were considered to reproduce the titration site distribution at the solid/solution interface of natural NPs. Results show that the charging process is controlled by the balance between Coulomb interactions and the reaction field through the solid-liquid interface. They also show that the site distribution plays a crucial role in the charging process. In patch distributions, charges accumulate at the perimeter of each patch due to finite size effects. When homogeneous and heterogeneous distributions are compared, three different charging regimes are obtained. In homogeneous and heterogeneous (with quite low polydispersity indexes) distributions, the effects of the NP dielectric constant on Coulomb interactions are counterbalanced by the reaction field and in this case, the dielectric breakdown has no significant effect on the charging process. This is not the case in patch distributions, where the dielectric breakdown plays a crucial role in the charging process.
Introduction
Many of the important properties of nanoparticle (NP) systems are determined directly or indirectly by the interaction forces between particles. Stability properties of NP dispersions in aqueous solution are mainly governed by their surface charge density, which is determined by the probability of each surface titration site exposing a charged residue. Such a probability depends on chemical equilibrium between a site and the solution which can be tuned by varying the solution pH. In contrast to isolated systems, at the NP surface each titration site is influenced by all other sites via their mutual electrostatic interactions. If electrostatic repulsion between charges on neighbouring sites are expected to decrease the effective NP charge, then the situation is more complicated when a dielectric breakdown is considered, since each charge is interacting with its neighbours but also with its own image charge and the image charges of all its neighbours. Due to the many-body nature of this problem, and the long range influence of the electrostatic interactions, an exact solution for the calculation of the NP average charge as a function of pH is generally not known.
The surface charge of NPs in solution has been fully studied by a range of experimental methods, theoretical and numerical models [1] [2] [3] [4] [5] [6] by considering energetically homogeneous surfaces. For an accurate description of the surface charge, a discrete site model has been proposed by Borkovec and co-workers. 7, 8 They consider an Ising model for the solid/solution, a Monte Carlo simulation technique (MC) and a linearized Poisson-Boltzmann approximation with discrete charge descriptions in a planar geometry. 9 The present work investigates effects of the surface site distribution and the dielectric discontinuity of a spherical NP on its charging process with solution pH. Due to a spherical geometry, interactions across NPs are also considered. Because of spherical geometry, the Tanford and Kirkwood theory [10] [11] [12] is applied to calculate interaction potentials between charged sites. The pH influence and the many-body nature of the problem are resolved using MC simulations, according to the Metropolis algorithm. 13 Simulations have been performed in the grand canonical ensemble (with chemical potential m, volume V, and temperature T fixed) to obtain equilibrium between all the NP charge configurations at a given pH.
The distribution of discrete sites at the NPs may be classified in two categories: a periodic homogeneous discrete site distribution (like a perfect crystal arrangement), or a heterogeneous discrete site distribution. Heterogeneity may originate from defects in crystal planes, disorders in crystal lattices, local chemical impurities, and coexistence of different materials as found in natural solids.
14 Surface heterogeneity is modeled here using two fundamental distributions: random heterogeneity and clustered, patch distribution. 15, 16 Random heterogeneity occurs either when different types of dissociable functions are available on the surface or when surface passivation is attained. Patch heterogeneity occurs either when different materials coexist or when crystal planes are not large enough to neglect boundary interactions between patches. In this study, homogeneous, heterogeneous and patch distributions of sites are considered (Fig. 1a-c) .
The paper is structured as follows: The theoretical model is discussed in section 2. In section 3, a systematic approach is developed in order to quantify interaction potentials and site position influences on the charging process of NPs.
Theoretical modeling

Model description
The interaction potentials between charged sites have been calculated by considering Tanford's model. 10, 11 The NP is then considered as a sphere in an infinitely diluted aqueous solution, with a continuum representation of the solvent. The sphere is impenetrable to the solvent. In order to take into account the dielectric breakdown, the relative permittivity e c of the NP has to be considered as it can be different from the dielectric constant of the surrounding water e w (Fig. 1d) .
Ionizable sites are assumed to be similar in terms of simulation sampling and are represented by fixed point charges located within the spherical dielectric at a distance of 0.5 Å from the dielectric discontinuity (r = Rc À 0.5 Å , Fig.  1d ). This arbitrary distance places charges at about the same position relative to the center of spherical atoms having a diameter of 1.0 Å . This localization of sites is not a constraint in the model since site positions can be adjusted within the sphere. All functional groups are assumed to be energetically independent, except for electrostatic interactions.
For the Tanford-Kirkwood theory, and given the elementary charge e (1.63 Â 10 À19 C) and the vacuum permittivity e 0 (8.85 Â 10 À12 C V À1 m À1 ), two ionized sites of charge z i and z j located at a radial position r, separated by a distance r ij with an angle y ij (with cos(y ij ) = 1 À r ij 2 /2r 2 ), contribute to an electrostatic potential energy given (in k B T units) by
where: (i) A ij is the direct Coulomb contribution and is given by:
(ii) B ij is the reaction field part of the electrostatic potential energy:
n is the ordinary Legendre polynomial of order n and n max is the maximum number of terms included in the sum. A large number of terms is needed in the ordinary Legendre polynomial for convergence. When charges are close to the dielectric boundary, the number of terms needed for convergence increases. This sum calculation is an important part of the CPU time. With sites located at 0.5 Å from the dielectric discontinuity, an accuracy of about 10 À5 with n max = 500 is achieved, which is a reasonable computer time limit with an accurate convergence. It should be kept in mind that the reaction field part of eqn (1) describes the reaction field accounting for induced polarization charges at the dielectric discontinuity. In absence of dielectric discontinuity, e c = e w and B ij = 0. In order to validate the computer program, theoretical results for isolated sites and results obtained by Tanford   11 and Orttung 17 with simple models were reproduced correctly.
Free energy
Charges originate from the protonation or deprotonation of the functional groups according to the reaction equilibria where Site is a functional group, K a 0 1 and K a 0 2 are equilibrium dissociation constants for eqn (4) and (5), respectively. In the present study, we consider a NP where chemical reactions (4) and (5) occur for each ampholytic titration site.
The acid-base properties of an isolated ampholytic site for a monoprotic chemical reaction, in an aqueous medium, are described by the Henderson-Hasselbach equation 18, 19 pH ¼ pK 0 ai AE log 10
where the plus sign is used for proton dissociation and the minus sign for proton association. a p is the degree of protonation of the isolated ampholyte site. For a diprotic chemical reaction, the Henderson-Hasselbach equation is
In charged systems such as polymers or NPs, the increase of the charge density is made difficult by the presence of shortand long-range interactions compared with isolated sites in solution. 20 For a monoprotic chemical dissociation, eqn (6) can be rewritten as
where N i is the number of ionized sites, k B is the Boltzmann
), and U(N i ) is the average electrostatic energy of the NP (with N i ionized sites).
For a diprotic chemical dissociation, eqn (7) can be rewritten as
where N 0 and N p are the number of charged sites, with N 0 the number of unprotonated sites and N p the number of protonated sites.
Monte Carlo Metropolis and statistical ensemble
NP has N ionizable sites corresponding to 3 N possible charge states. To explore the configuration space, MC-Metropolis 13 simulations are used. For each MC step, a site is chosen at random and its charge state is changed randomly. Two different states are possible among the three possible states (Table 1) . Each acid-base reaction is accepted or not by considering the Metropolis selection criterion. The acceptance criterion is sensitive to the value of the energy variation, DE, during protonation and deprotonation processes as defined in Table 1 . For the sake of clarity, the flow chart of the MC simulation is presented and discussed in Fig. 2 .
Spatial configuration of surface discrete site distributions
Spatial distributions of surface discrete titration sites can be classified into three categories: periodic homogeneous discrete site distributions, random heterogeneous discrete site 
Flow chart of the MC simulation. Initially a given and uncharged surface site distribution is generated. The pH value is imposed and a MC equilibration period is achieved without considering any output parameters to avoid any bias due to the initial values and achieve the better level of energy convergence. Then, data recording (energies, charges position, etc.) is made during the MC production period.
distributions and discrete distributions where sites are confined in patches. To achieve a homogeneous site distribution, the following procedure is used: First, all sites have the same charge. Then, their positions are adjusted according to the MCMetropolis method to obtain an optimal arrangement of positions among sites. Coordinates of a homogeneous distribution of titration sites are then achieved (Fig. 1a) . The problem of optimally arranging charges on the surface of a sphere is a long-standing problem that goes back to the Thomson's plum pudding model of the atom. 21 Although the Thomson's problem appears simple, its solution still remains difficult. [22] [23] [24] The heterogeneous discrete charge distribution is obtained by randomly distributing sites at the surface of the NP (Fig. 1b) .
To obtain patch distributions, titration sites are confined in circular areas with a homogeneous distribution (Fig. 1c) . One, two and three patch distributions are specifically studied in the present work.
Results and discussion
A spherical NP with a radius of 5.0 nm is considered. The detailed size and positions of the patches are given in Table 2 . For all surface site distributions, 66 titration sites are considered arbitrarily, which is a good compromise according to the CPU time. MC equilibration and production times are performed for each pH value.
The effect of Coulomb interactions is discussed first for each surface site distribution, followed by the effect of the dielectric breakdown.
For the sake of clarity, titration curves are compared with the corresponding ideal cases, i.e. in absence of electrostatic interactions between sites. The relative concentration of deprotonated sites P À1 can be written as
or
Similarly, for neutral sites it can be written as
and for protonated sites
For a given pH, the value of the total charge Z tot of NP is given by (in valence number)
Two sets of pK a values will be used: pK a Coordinates Fig. 3 Effects of Coulomb interactions on the total charge of NP with a radius of 5.0 nm and 66 titration sites at different site distributions e c = e w = 78.54) at T = 298 K.
Coulomb interactions
Simulations are first carried out without any dielectric discontinuity (e c = e w = 78.54) at T = 298 K. Variations of the total charge of the sphere Z tot as a function of pH for the two sets of pK a and for different site distributions are shown in Fig. 3 . For a given pH, non ideal cases always yield less charges than the ideal case due to the presence of short-and longrange electrostatic repulsions between charged sites, which makes a further increase in the charge density difficult. These results are in good agreement with effects observed by Overbeck 20 with short-and long-range electrostatic repulsion in a polyelectolyte system. During the charging process, Z tot of homogeneous and heterogeneous distributions are very close and patch distributions are less charged, with the one patch distribution being more difficult to ionize.
To get a better insight, prevalence diagrams and energy curves for each site distribution have been investigated (Fig.  4) . Prevalence diagrams show that there is no coexistence of positive and negative charges when DpK a = 6. However when DpK a = 2, a small amount of both positive and negative charges is obtained. The coexistence of positive and negative charges in patch distributions is observed over a wider pH range (pH = 2.0-12.0) than for the homogeneous and heterogeneous distributions (pH = 5.0-9.0). This is due to the higher local surface site density as compared to homogeneous and heterogeneous distributions. , with pH forcing the charging process. The energy corresponding to the heterogeneous distribution becomes greater than in the homogeneous case (at a given pH) since the mean separation distances between sites become smaller.
The critical transition parameter d between zones B and C is now discussed through the comparison of different heterogeneous configurations and the homogeneous configuration. View Online Short-and long-range electrostatic interactions effects on titration curves are quantitatively compared by using a distance polydispersity index, P I , defined as
where N j and d j are the distance number and distance value, respectively. The polydispersity index exhibits lower values when the distance distribution is regular. Calculations were performed for different heterogeneous distributions with P I equal to 1.1515, 1.1378, 1.1305 and 1.1220. Polydispersity affects the variation of the total electrostatic energy with pH, as shown in Fig. 6a , and influences the position of the critical transition parameter d. In zone B for charged configurations, the lower the dispersity index, the higher the total electrostatic energy. In zone C, the inverse is observed: the higher the polydispersity index, the higher the total electrostatic energy. Energy differences are mainly due to short-(zone C) and long-range (zone B) interaction effects. It should also be noted that when the polydispersity index increases, the NP charging process clearly becomes more difficult as shown in Fig. 6b .
When patch distributions are considered, significant differences in the total charge of the NP as a function of pH are observed between the single patch distribution, and the two and three patch distributions (Fig. 3) . Patch distributions allow qualitative analyses of the charging process in terms of short-(inside patches) and long-range (between patches) electrostatic interactions, which cause the shifts observed in Fig. 3 and 5. Indeed, the number of short-range Coulomb interactions is more important in the one patch configuration compared to the two and three patch configurations. For the three patch distribution, the number of long-range interactions is also more significant than the number of short-range interactions compared to the one and two patch distributions. In the three patch distribution, due to the small separation between patches P1 and P3 (defined in Table 2 ), the differences between two and three patch configurations are not so significant compared to the one patch configuration where short-range interactions are predominant.
When charge distributions are examined in detail for each patch at different pH values (Fig. 7) , finite size effects are observed. Charge depletion is observed at the center of the patches since the charge accumulates at the perimeter where charge density is lower (due to the presence of less neighboring charge). When patches are close to each other, such as P1 and P3 in the three patch configuration (Fig. 7c) , that effect is less marked compared to P2, which is a more isolated patch.
Dielectric discontinuity
When a dielectric discontinuity between two media (with relative dielectric constants e 1 and e 2 ) is considered, a charge q in medium 1 at a distance d from the dielectric discontinuity is expected to interact with the interface because of the field reflected by this interface. This reaction field is equivalent to an 'image' charge q 0 at a distance 2d from q. 25 If e 1 o e 2 , the resulting reaction field force is attractive and then the B ij term in E el (eqn (1)) is positive; if e 1 4 e 2 , the reaction field force is repulsive and the B ij term is negative. In order to investigate the influence of the dielectric discontinuity on the NP charging process, simulations have been carried out with T = 298 K, e w = 78.54 and by adjusting e c to 2.0, 30.0, 78.54 and 114.0.
As illustrated in Fig. 8a , the variation of the total charge of the NP as a function of the pH and e c shows no significant effect of the dielectric discontinuity for the heterogeneous distribution. The same trends are observed for homogeneous distribution (data are not reported here). In contrast, patch distributions are more affected by e c variations: when e c increases, Z tot increases due to the decrease in the electrostatic repulsions as shown in Fig. 8b for three patch distribution (same trends for one and two patch distributions). In Fig. 8c the relative concentration of deprotonated sites P À1 is represented as a function of e c . By increasing the NP dielectric constant, the charging process is clearly promoted for all patch distributions. This is due to the importance of the Coulomb contribution on the reaction field.
As shown in Fig. 9 and 10, the total electrostatic energy E tot is dependent on e c and e w , which control both the sign and the intensity of the reaction field part of energy B ij and the amplitude of the electrostatic repulsion through the NP. On the one hand, Coulomb interactions are expected to decrease if e c increases, hence promoting the Z tot value for a given pH. On the other hand, the reaction field is expected to lower E tot , if e c o e w , and hence favor the charging process. Finally, these two competitive effects control the charging process of the NP. At small charge separation distances, the relative importance of the Coulomb interactions is more pronounced than the reaction field interactions. This specifically affects patch distributions, because of the short distances between sites, and explains why Z tot increases when e c increases.
Modification of the critical transition parameter d with e c is not relevant (Fig. 10) , because there is no significant effect of the dielectric discontinuity on the homogeneous and heterogeneous distributions.
It should be noted that finite size effects are still observed when the dielectric discontinuity effect on charge positions in patch distributions are considered (data not reported) and comparison with Fig. 7b is made. It should be noted that the finite size effect is not affected by e c .
Conclusions
Interactions between charged sites on a spherical nanoparticle (NP) as well as the NP charging process were simulated using a Table 2 . Arrows indicate the corresponding patch.
grand canonical MC method that included theoretical extensions in order to take ampholytic sites into account. A Tanford and Kirkwood approach was used to consider spherical geometry and dielectric breakdown.
Because of an explicit description of titration sites, comparisons between different spatial distributions of surface discrete sites (homogeneous, heterogeneous and patch distributions) were performed including ampholytic reaction equilibriums (4) and (5), with pK a 0 1 o pK a 0 2 . For patch distributions, charge depletion is observed at the center of patch; charges accumulate at the perimeter where the charge density is lower. This effect is not influenced by the value of the dielectric discontinuity. Nevertheless, charging processes of patch distributions are influenced by the dielectric discontinuity. This influence is the result of a subtle balance between the Coulomb and reaction field interactions. At small separation distances, the relative importance of the Coulomb interactions is more pronounced than the reaction field interactions. This specifically modifies the patch charging process because the number of short distances outweighs the number of long distances, and explains that the total charge of the NP increases when the relative permittivity of the NP (e c ) increases.
For homogeneous and heterogeneous distributions, three different zones of energy variation corresponding to different charging processes steps are observed: (i) When pK a 0 1 o pH o pK a 0 2 (zone A), the total electrostatic energy is close to 0 k B T for o pH o (pK a 0 2 + d) (zone B), with d a critical transition parameter of the charging process, the energy of the heterogeneous distribution becomes lower than the homogeneous distribution, with a total charge of heterogeneous distribution smaller than the homogeneous distribution due to the too high energy destabilization in this pH domain for the charging of the small distance sites found in heterogeneous distributions. (iii) When pH o (pK a 0 1 À d) or pH 4 (pK a 0 2 + d) (zone C), the energy corresponding to the heterogeneous distribution becomes greater than the homogeneous case (at a given pH) due to the charging process of the heterogeneous distribution so as to attain a surface charge equal to that of the homogeneous distribution. We demonstrated that d is influenced by the distance polydispersity index, P I , of the heterogeneous distribution, but not by the variations in e c , due to the fact that no effect of the dielectric discontinuity for the homogeneous and heterogeneous distributions on the charging process is observed.
The present model shows that the distribution of sites plays a crucial role in the charging process and shows the importance of competing interactions between Coulomb interactions and the reaction field. This model represents a useful tool to understand the charging process of NPs induced by an explicit charging process of titration sites. This model can be extended to the study of multiple reactions of titration sites (more than two), heterogeneous distributions of pK a and to the charging behaviour of NPs in concentrated solution, including external NPs interaction effects. Studies of the size effect of NPs on the charging behavior and the ionic strength of a surrounding electrolytic solution on this system are currently in progress. 
